Microfluidic spirals are able to focus non-spherical microparticles in diluted suspension due to the Dean effect. A secondary flow establishes in a curved channel, consisting of two counter-rotating vortices, which transport particles to an equilibrium position near the inner wall of the channel. The relevant size parameter, which is responsible for successful focusing, is the ratio between the particle diameter of a sphere and the hydraulic diameter, which is a characteristic of the microfluidic spiral. A non-spherical particle has not one but several different size parameters. This study investigated the minor and major axes, the equivalent spherical diameter, and the maximal rotational diameter as an equivalent to the spherical diameter. Using a polydimethylsiloxane (PDMS)-based microfluidic device with spirals, experiments were conducted with artificial peanut-shaped and ellipsoidal particles sized between 3 and 9 µm as well as with the bacteria Bacillus subtilis. Our investigations show that the equivalent spherical diameter, the major axis, and the maximal rotational diameter of a nonspherical particle can predict successful focusing. The minor axis is not suitable for this purpose. Non-spherical particles focused when the ratio of their equivalent spherical diameter to the hydraulic diameter of the channel was larger than 0.07. The particles also focused when the ratio between the maximal rotational diameter or the major axis and the hydraulic diameter was larger than 0.01. These results may help us to separate non-spherical biological particles, such as circulating tumor cells or pathogenic bacteria, from blood in future experimental studies. Published by AIP Publishing.
I. INTRODUCTION
Microfluidic devices are used for separation in different fields of application, like the separation of pathogenic bacteria, 1 magnetic microspheres, 2 or circulating tumor cells, 3 which can either be separated from water or diluted blood. 4, 5 The separation of these microparticles is important to enable the detection and analysis of certain pathogenic organisms like E. coli, 1 or diseases like metastatic cancer. 3, 6 With the results of these investigations, it is possible to give more precise therapy recommendations for cancer 7 or to treat a sepsis through removal of certain pathogenic bacteria and fungi. 8 There are different microfluidic separation systems in use, which rely on different physical effects for focusing of distinct particles and thereby separating them from others. The focusing process might be affected by the interaction of particles with the microfluidic channel and the hydrodynamic forces therein, like in pinched flow fractioning 9 (PFF), the deterministic lateral displacement 10 (DLD), the focusing by biophysical parameters, 11 specific hydrodynamic conditions, such as those being present in non-Newtonian fluids, 12, 13 or in Dean flow. 14 Focusing might also be driven by additional magnetic or electric effects by the application of a magnetic 15 or a nonuniform electric field. 16 Due to prior experience in the work group and the easy manufacturing process, the use of the Dean a) Author to whom correspondence should be addressed: urs.hafeli@ubc.ca flow was chosen to focus non-spherical particles to achieve separation.
The Dean effect is widely used to focus and separate a broad range of particles, like magnetic microspheres, 2 circulating tumor cells, 3 or blood plasma 17 from diluted whole blood. To be able to create an accurate separation design, most of these microfluidic devices are tested with a model system. In several previous model systems, spherical polystyrene beds are used as substitutes for cells. 3, 6, 17 However, most of these particles, like circulating tumor cells, 18 blood platelets, 19 and even red blood cells, do not have a spherical shape. 20 Though Mahdokht et al. 21 and Hur et al. 22 have investigated the focusing of non-spherical particles in straight channels, to this date no one examined the behavior of non-spherical particles in the curved channels of microfluidic spirals.
The aim of this work therefore is to investigate the potential of microfluidic spirals in the field of focusing and separating non-spherical particles. The study is dedicated to finding a particle size parameter, such as the major axis (maj.a), which reliably predicts the successful focusing of particles in the device simply by analyzing different samples obtained at the outlets of the device. Through modification of the governing equations for the focusing of spherical particles, it will be possible to improve the predictability of the separation success for all particles by simple means. In future studies, this might be used to enhance the selectivity of the separation of nonspherical particles, including blood compounds and circulating tumor cells in lab-on-a-chip devices with on-site analysis. 
II. THEORETICAL BACKGROUND

A. Microfluidic spirals and the Dean flow
The microfluidic spiral used for focusing and separation purposes here consists of a rectangular channel, with micrometer dimensions, which is curved to a spiral and has one inlet and two outlets (see Fig. 1 ). When a fluid flows in a curved channel, a secondary flow perpendicular to the primary flow establishes. The secondary flow consists of two counter-rotating vortices (see Fig. 1 ). These form due to higher velocities in the primary flow direction in the center of the channel. 14 The effect of these vortices on a colored fluid was first observed by Eustice in 1911 23 and then analytically described by Dean in 1927, 24 so the vortices are called Dean vortices and the secondary flow is named Dean flow.
The Dean flow can be described with the Dean number De and is given as 25
where Re is the Reynolds number of the channel and r is the radius of curvature, the distance between the middle and the outmost revolution of the spiral (see Fig. 1 ). The Dean number is influenced by the hydraulic diameter D H of the channel as well. The hydraulic diameter for a rectangular channel is given as
with A as the area of the cross section and P as the wetted perimeter. w and h represent the width and height of the microfluidic channel, respectively.
B. Internal migration of spherical particles in a curved channel
When particles are added to the fluid flowing inside a curved channel, additional effects are added to the Dean drag caused by the Dean vortices. The additional forces consist mainly of the "wall effect" lift and the shear-gradient-induced lift. 26 Together, all three forces balance at the height of the midpoint of the inner wall of the microfluidic channel close to the channel's wall, which makes it possible to focus particles at this point 27 (see Fig. 2 ). The "wall effect" lift pushes the particles away from the wall, 14 while the shear-gradientinduced lift directs the particles from the centerline to the wall. 28 Since the shear-gradient-induced lift force is larger than the "wall effect" lift, a consecutive force called net lift force F L comes into existence, which pushes the particles to the wall, 28, 29 
C L is the lift coefficient, which depends on the position of a particle across the cross section of the channel and the Reynolds number. 27 It is in general given as 0.5 for a flow through parallel plates. 4 The shear rateγ and the density ρ are given by the properties of the used fluid. The net lift force is balanced For the definition of the parameters, see Table I. with the Dean drag, which pushes the particles from the inner side of the channel to the center. In case of small Reynolds numbers, the Dean drag can be described by the Stokes drag, 27
This force is influenced by the particle size d p , as well as by the velocity of the Dean vortices v D and the dynamic viscosity η f of the surrounding fluid.
To have particles focus and successfully separate in the microfluidic channels, several conditions have to be met. The first criterion for a focusing of particles is the existence of Dean vortices, which are strong enough to transport the particles to the equilibrium position near the inner wall. Di Carlo et al. 14 conducted a detailed series of experiments and found successful focusing, which is a precondition for the separation, at Dean numbers between 1 and 11. In the work of Sprenger et al., 4 focusing was confirmed when Dean numbers greater than 1 were reached,
The second criterion is the relative particle size, the ratio between the particle diameter and the hydraulic diameter of the microfluidic channel. Different experimental values were obtained for this parameter. Bhagat et al. 29 and Chun and Ladd 30 favored a ratio around 0.1, while Di Carlo et al. 14 were able to successfully focus particles to one stream with a ratio of 0.07. Sprenger et al. 4 conducted experiments where particles focused at a relative particle size over 0.12,
The last criterion is the length of the microfluidic spiral. Dutz et al. 2 found a connection between different fluid properties, channel geometry, and particle size, which could predict a satisfactory length for the focusing process,
L C describes the characteristic length, which is in this case the shortest dimension of the rectangular channel. 2 The velocity of the fluid is represented by v f .
C. Non-spherical particles
The governing equations for the focusing of the particles only embed the particle diameter of a sphere. A parameter, which takes the shape and the different dimensions of nonspherical particles into account, is not included. Figure 3 depicts different size parameters for non-spherical particles, which were used in this study and are further defined in Table I . 32 First, a 4%-5% w/w poly(vinyl alcohol) (PVA) solution was produced (MW 85 000-124 000, 85% hydrolyzed, Sigma-Aldrich) and TABLE I. Definition of different size parameters used for the characterization of non-spherical particles.
III. MATERIALS AND METHODS
A. Non-spherical particles
Name Definition
Major axis
The major axis is measured as the longest dimension of the particle
Minor axis
The minor axis is perpendicular to the major axis and is the longest measurement of the short side of the particle Equivalent spherical diameter The equivalent spherical diameter (esd), or volume equivalent diameter, is defined as the diameter of the sphere, which has the same volume as the non-spherical particle 31 Maximal rotational diameter The maximal rotational diameter is measured as the longest distance between the center of mass of the particle and its perimeter. The maximal rotational diameter is the same as the major axis for rotation-symmetric particles like ellipsoids Table II. particles were added to produce a 1% w/w suspension. A volume of 0.5 ml per 1 cm 2 of this suspension was then spread on a glass plate and left to dry for 6 h in a laminar flow hood to form a film. The dried film was marked with a 1 × 1 cm 2 grid using a marker and cut into strips of 2 × 6 cm 2 . To stretch the particles, the film was fixed onto the jaws of a bench vise with autoclave tape and carefully brought under tension by moving the jaws apart. A heat gun was equipped with an attachment to form a narrow band of hot air in lateral position to the particle strip, fixed on a stand, placed 3 cm above the strip, and set to approximately 250 • C. Once the strip was fully heated, it started to sag and could then be gradually stretched with the bench vise to the desired stretching ratio [ Fig. 5(e) ]. After cooldown, the areas with the desired stretching ratio (1.5 for the small ellipsoidal particles and 2.0 for the large ellipsoidal particles) were selected based on the final extension of the marked 1 × 1 cm 2 grid and washed with isopropanol. After soaking overnight in a 3:7 mixture of water and isopropanol, the strip was heated to 85
The stretched particles were then separated from residues of the PVA-film by repeated centrifugation at 4500 g for 15 min (3 times) and additional filtration through a 10 µm mesh for the 4 µm particles and a 15 µm mesh for the 6 µm particles. were provided on an agar plate and left to grow for two to three days. Since only the shape of the bacteria was of interest, they were sacrificed for easier handling in the experiments. Specifically, 2 ml of a 3% hydrogen peroxide solution were poured onto the dish. After 10 min the bacteria were transported with a sterile pair of tweezers and a sterile pipette into microcentrifuge tubes. The bacteria were washed and centrifuged with distilled water two times at 2000 g for 10 min. After all particles were prepared, they were imaged by scanning electron microscopy (SEM; SU3500, Hitachi, Chiyoda, Japan). The particle dimensions of 100 particles of each particle type were measured from the micrographs with ImageJ (Image Processing and Analysis software, National Institute of Health, Bethesda, USA). The results are displayed in Table II .
B. Microfluidic spirals
The microfluidic spirals were fabricated similar to the process described by Sprenger et al. 4 At first the negative structures of the channels were transferred onto a 4-in. silicon wafer by lithography. For the creation of the structure, a layer of negative photoresist (SU-8 2050, Microchem, Newton, MA, USA) was spin-coated onto the wafer. The rotation speed defined the height of the structures and therefore the height of the microfluidic channels. To form the outline of the microfluidic spirals the negative photoresist was hardened with UV light emitting through a photolithography mask (CAD/Art Services, Bandon, OR, USA). The polymer which was not exposed to the UV light could be removed with developer (SU-8 developer, Microchem, Newton, MA, USA). Polydimethylsiloxane base and curing agent (PDMS, Sylgard 184, Dow Corning, Midland, MI, USA) were mixed in a 10:1 ratio and poured over the SU-8 mold. After the curing process, the PDMS could be peeled off and the ports for the inlet and outlets were punched out using a 15 G blunt needle. To seal the channel, the PDMS was dipped into the curing agent and catalyst bonded onto a coverslip, which was coated with a thin layer of PDMS (base 3:1 curing agent). The catalyst bonding method provides a high bonding strength. 33 After the fabrication process, the height of the channels was measured with the optical profiling system Wyko NT1100 (Veeco; Plainview, NY, USA). For the width, micrographs were made with an inverted microscope (AE31; Motic, Kowloon, China) equipped with a digital camera (Moticam 3, Motic) and analyzed with Image J. The results are shown in Table III .
IV. EXPERIMENTAL SETUP
The success of the particle focusing is bound by the three criteria represented by Eqs. (5)- (7) (see Sec. II B). To investigate the influence of particle shape on focusing, experiments with the following two criteria were conducted in the microfluidic spirals. First, the relative particle size as quotient of the particle size and the microfluidic channel's hydraulic diameter [see Eq. (6)] was varied by using different geometries of the microfluidic channels. Second, the length of the microfluidic channel [see Eq. (7)] was chosen such as to provide sufficient time for the particles to focus on the midpoint of the inner wall of the channels (see Table III ). As the Dean number [see Eq. (5)] is not influenced by the shape of particles, its value was kept approximately constant throughout all experiments (see Table III ).
The carrier fluid in all experiments was deionized water with a flow rate of 75 µl/min. In order to prevent clogging of the outlets by aggregation of the particles, a low initial concentration of 350 000 particles per ml was chosen. The suspension was filled into a 5 ml syringe and pumped from a calibrated syringe pump (Razel A-99) in horizontal position through a Luer lock into the 20 G tubing at the inlet of the microfluidic spirals. The samples exited the outlets through 20 G tubing and were collected in microcentrifuge tubes. The experimental run-time was 3 min and 4-6 experiments were conducted for each spiral-particle-type-combination. Experiments with the bacteria Bacillus subtilis were conducted once for 2 min.
The particle concentrations in the outlets were determined through particle counting with a hemocytometer or Coulter counter (Z1 Coulter ® Particle Counter; Beckmann Coulter, Breta, CA, USA). The volumes of the outlets were measured with an Eppendorf pipette. To evaluate the efficacy of the experiments, the relation between the concentration in the inner outlet and the total concentration of particles in all outlets, the separation ratio sr
was calculated. 4 The total concentration c ao is the sum of the volume weighted concentrations of the inner outlet c io and the outer outlet c oo . The weighting is created through the relation between the volume of the inner outlet V io or outer outlet V oo and the total volume V t . The separation ratios are used in Sec. V to describe and discuss the success of the conducted experiments. A value of 2 indicates a 100% effective separation; all particles would be concentrated in the inner outlet. If the volumes of the outlets are identical, the factor 1.8 describes a partial separation, where 90% of the particles are collected in the inner outlet and 10% remain in the outer outlet. With a factor around 1 the separation is not effective and the concentrations in the inner and outer outlets are equal.
If the volumes in the inner and outer outlets were not identical, it occurred that values were generated which were higher than 2 or lower than 1. This volume difference was caused by slight irregularities in the geometry of the outlet channels or by pressure differences within the fluid. 4 
V. RESULTS AND DISCUSSION
A. Experiments with non-spherical polystyrene particles
Experiments with large ellipsoidal, small ellipsoidal, and peanut-shaped particles [see Figs. 4(a)-4(c)] were conducted. The large ellipsoidal particles could be completely separated in all microfluidic channels of different diameters, while the small ellipsoidal and the peanut-shaped particles were only fully separated in the smallest spirals; the other experiments showed a partial separation (see Fig. 6 ).
The separation ratio indicated the success of the focusing of the particles to the midpoint of the inner wall (Fig. 2) . When all particles were focused, the splitting of the channel in two outlets led to a separation by having a concentration of the particles in the inner outlet, while the outer outlet contained carrier liquid only (see Fig. 6 ). With a separation ratio of sr = 2, this was the case. At a separation ratio of sr = 1, no separation occurred, as the particles were not focused but randomly distributed throughout the channel. The inner outlet and outer outlet contained the same amount of particles (see Fig. 6 ).
Using a larger channel height or width made the hydraulic diameter of the channel increase, as shown in the abscissa of Fig. 6 . This led to a smaller relative particle size, which, according to Eq. (6), leads to less particle focusing and a decreased separation ratio.
The purpose of this work was to investigate the behavior of non-spherical particles in and below the transition area described by Eq. (6), where the channel dimensions were too large and the focusing of the particles started to fail.
The transition from complete focusing to partial focusing can be seen in the experiments with the small ellipsoidal particles (black symbols) and the peanut-shaped particles (green symbols). Both particle types showed a complete separation in the outlets of the smallest microfluidic channel, while the separation ratio decreased, as the channel was enlarged. For the experiments in the largest channel, both particle types showed a similar result as depicted in Fig. 6 . This is reasonable since they had a similar minor and major axis (see Table II ). Differences were visible between the small ellipsoidal particles and the peanut-shaped particles for the channels with a hydraulic diameter between 58 and 65 µm. The peanut-shaped particles showed a trend away from complete focusing, while the transition between focusing and nonfocusing for the smaller ellipsoidal particles happened quite suddenly. Figure 6 further shows that for the large ellipsoidal particles (red symbols) it was possible to focus the particles in three different channels. All experiments showed a complete separation of the particles at the device's outlets with a separation ratio of 1.8 and higher. The non-focusing region was not reached due to the general larger size of the large ellipsoidal particles. The blue symbols show reference values from an earlier study of Sprenger et al. 4 with spherical particles. The experiments were conducted with the same methods and under similar circumstances. For the smallest microfluidic channel, the values of the large ellipsoidal particles and the reference points for the 6 µm spheres and the 10 µm spheres were condensed in the same area. With a look at the major axis of FIG. 6 . Separation efficacy of all experiments with nonspherical polystyrene particles (see oval or peanut shaped symbols). Blue symbols show the results for spherical particles from the work of Sprenger et al. 4 For sizes of the non-spherical particles, see Table II , and for the measurements of the microfluidic channels, see Table III. the ellipsoidal particles (8.57 µm) this seems reasonable. The results for the smallest microfluidic channels for the other nonspherical particle types did not fit with the reference points of the earlier work. Values between the 1.58 separation ratio of the 6 µm spheres and the 1.18 separation ratio of the 2 µm spheres would have been expected since the minor axis of the particles was around 3 µm and the major axis was around 5 µm.
B. Evaluation of different size parameters for non-spherical particles
In order to identify the dependence of the separation success on the different non-spherical particle size parameters (see Table I ), the separation ratio was determined for each relative particle size (Fig. 7) , wherein the specific size parameters of non-spherical particles, i.e., the major axis in Fig. 7(a) , the minor axis in Fig. 7(b) , the equivalent spherical diameter in Fig. 7(c) , and the maximal rotational diameter (mrd) in Fig. 7 (d), were embedded as particle size. Spherical particles having only one size parameter therefore result in a relative particle size which is constant (see Fig. 3 ). Using the relative particle size enabled the comparison of experimental results obtained by spherical with those obtained by non-spherical particles, which was the reason to include in Fig. 7 results from a previous similar study 4 with spherical particles. The separation ratio was calculated with Eq. (8) . The green and yellow areas (Fig. 7) visualize the separation criteria of Eq. (6), with the green area representing full focusing of spherical particles according to Sprenger et al., 4 while the yellow area represents a transient zone where separation is either fully 14 or only partially 29, 30 achieved.
The experimental results depicted as separation ratios in Fig. 7 (a), using the major particle axis within the relative particle size, showed a good correlation to the separation ratios of the experiments carried out with spherical particles. The experiments resulting in a separation ratio around 1.9 and higher were close to the green-colored area where spherical particles can be fully separated. The experiments resulting in a separation ratio around 1.8 had a relative particle size larger than 0.1, which agrees well with the criteria stated by Bhagat et al. 29 and Chun and Ladd, 30 while particles with a smaller ratio only showed a partial separation. However, it was not possible to explain the unusual high separation ratios for the peanut-shaped particles with a relative particle size around 0.08. The experimental results presented in Fig. 7(a) aligned well with the findings of Sprenger et al. 4 The ratio between minor axis and hydraulic diameter did not show a clear dependence on the established separation ratio in Fig. 7(b) . Four different separation ratio values could be found for a single relative particle size of 0.06. While the separation for the relative particle size of 0.05 was insufficient (∼1.5), the value for the separation ratio jumped to over two as it got close to 0.054. Values, which indicated a complete separation (see large ellipsoidal particles), were outside of the range of the yellow background, where separation started to FIG. 7 . Separation ratios of all non-spherical particles (black, red, and green oval or peanut-shaped symbols) and spherical particles (blue circles; from a previous investigation of Sprenger et al. 4 ) in correlation with the relative particle size as the quotient of particle size of interest and hydraulic diameter of a channel. take place. Additionally, the results did not fit the values for spherical particles from the work of Sprenger et al. 4 A related pattern was found for the equivalent spherical diameter in Fig. 7(c) . The ellipsoidal particles did not behave in a similar way as the original spherical particles; they focused at lower relative particle sizes. The data points for a successful separation could already be found in the yellow marked area. This shows that the volume and therefore the equivalent spherical diameter were not necessarily a key parameter for the separation.
In the last panel of Fig. 7(d) , the relative particle size was generated as the ratio between the maximal rotational diameter and the hydraulic diameter. Since the ellipsoidal particles were rotation-symmetric, their maximal rotational diameter had the same length as their major axis. Only the values for the peanutshaped particles showed a difference between the first and the last panel. The values shifted more to the right since the maximal rotational diameter of the peanut-shaped particles was 5.36 µm and therefore larger than their major axis with 4.77 µm. This led to a higher relative particle size for the peanut-shaped experiments with a separation ratio around 1.8, what generally fitted better into the cluster of the experimental data and the reference data from the work of Sprenger et al. 4 [see Fig. 7(d) ].
The reason why the rotational diameter was considered as a possible parameter was that Mahdokht et al. 21 showed that non-spherical particles rotate in a straight channel. Therefore, it is likely that this happens in a curved channel as well. Additionally, the simulation results, where particles rotate, were much closer to the experimental focusing positions of the particles than simulations without rotation.
Hur et al. 22 also confirmed that the rotational diameter D max is determining the focusing position for non-spherical particles in a straight rectangular channel.
C. Experiments with bacteria Bacillus subtilis
The experiments using the bacteria Bacillus subtilis, having a major axis' length of 2.13 µm, resulted in a separation ratio of 0.83, which indicates that no focusing of the bacteria could be achieved with the experimental setup used at present. This corresponds well with the prediction established by the criteria for successful focusing based on the relative particle size; see Eq. (6). The largest possible value for the relative particle size of the bacteria, formed with the major axis of the particles and the hydraulic diameter of 39 µm, was 0.055. According to the literature no successful focusing was observed for values lower than 0.07. 14 The experiments carried out with the bacteria can therefore experimentally strengthen this lower limit for the experimental setup used.
Considering the findings of Sec. V B, the channel should have a hydraulic diameter of 21 µm or smaller, for focusing to take place. The reasons why no further experiments were conducted in such small channels was that the fabrication of channels of this size is challenging and might make a different setup necessary. Furthermore, the detection of the particles was an additional obstacle. The particles were hardly visible under the microscope and difficult to detect with the Coulter counter. 34 
VI. CONCLUSION
A row of successful experiments with non-spherical polystyrene particles in microfluidic devices was conducted. The results of the experiments identified possible parameters, which can be used as a marker for the prediction of focusing of particles in microfluidic devices resulting in a successful separation at the device's outlets.
The ratio between the equal spherical diameter of the nonspherical particles and the hydraulic diameter of the channel comes close to the criteria of the relative particle size for spherical particles from the work of Di Carlo et al. 14 We suggest, however, a small modification of Eq. (6) for non-spherical particles as follows:
esd/D h > 0.07.
Furthermore, the maximal rotational diameter (mrd) and the major axis (maj.a) of the non-spherical particles correlate well with the criteria set by Bhagat et al. 29 and Chun and Ladd. 30 In addition, the reference points from previous experiments with spherical particles 4 fit well with the following criteria:
maj.a or mrd/D h > 0.1.
The minor axis neither fits the reference points nor is any other criteria for a successful separation recognizable. The minor axis can therefore be excluded as a relevant parameter. As the bacteria Bacillus subtilis could not be separated successfully, future work should take into account the difficulties caused by the bacteria's small size and alter the experimental setup (channel size).
Further investigations are also needed to find out if secondary effects have an impact on the separation of nonspherical particles, in order to validate and explain the differences between the peanut-shaped and ellipsoidal particles with the same dimensions and volumes.
Furthermore, additional experiments should be conducted in a microfluidic spiral varying the Dean number by varying the flow rate. This makes it necessary to redesign the experimental setup as used at present to render it more robust against rupture of the microfluidic spirals due to the inner pressure load. These measures would broaden the experimental data and thereby make them more reliable. Such data would further allow us to extend future investigations in different directions. This includes the simulation of the particle rotation and hence the interaction with the Dean drag, as well as high-speed capturing of the movement and rotation and focusing of the particles inside the microfluidic spiral similar to the work of Xiang et al. 35 Experiments with a mixture of peanut-shaped and ellipsoidal particles might also give more insight. Despite the open questions, this work provides a step to a more realistic model of the focusing and separation of non-spherical cells in microfluidic devices by Dean forces.
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